Evidence is emerging for a direct role ofglucose, independent of changes in insulin, in the regulation of cellular glucose transport and glucose utilization in vivo. 
Introduction
Evidence is emerging for a direct role ofglucose, independent of changes in insulin, in the regulation of cellular glucose transport and glucose utilization in vivo. In this study we investigate potential cellular and molecular mechanisms for this regulatory effect of glucose by determining how normalization of glycemia without insulin therapy in diabetic rats influences 3-O-methylglucose transport and the expression and translocation of two genetically distinct species of glucose transporters (GTs) in adipose cells. These results are compared with alterations in glucose disposal in vivo measured by euglycemic clamp. In rats rendered diabetic by 90% pancreatectomy, insulin-stimulated glucose transport in adipose cells is decreased 50% in parallel with reduced insulin-mediated glucose disposal in vivo. Levels of adipose/muscle GTs measured by immunoblotting are decreased in adipose cell subcellular membrane fractions, as are the corresponding mRNA levels assessed by Northern blotting of total adipose cell RNA. Normalization of blood glucose in diabetic rats with phlorizin, which impairs renal tubular glucose reabsorption and thus enhances glucose excretion, restores insulin-stimulated glucose transport in adipose cells and insulin-mediated glucose disposal in vivo. Importantly, levels of the adipose/muscle GT protein remain 43% reduced in the lowdensity microsomes in the basal state and 46% reduced in the plasma membranes in the insulin-stimulated state. Adipose/ muscle GT mRNA levels remain -50% depressed. Levels of the HepG2/brain GT protein and mRNA are unaltered by diabetes or phlorizin treatment. Thus, changes in ambient glucose independent of changes in ambient insulin can regulate the glucose transport response to insulin in isolated adipose cells and changes in responsiveness parallel alterations in glucose uptake in vivo. Since this effect can occur without alteration in the expression of the two species of glucose transporters present in adipose cells or in their translocation to the plasma membrane in response to insulin, it may result from changes in GT functional activity. (J. Clin. Invest. 1991. 87:561-570.) Key words: euglycemia -hexose transport -glucose utilization * messen-Insulin-resistant glucose uptake is a prominent feature of both type I, insulin-dependent diabetes mellitus (1) (2) (3) , and type II, non-insulin-dependent diabetes mellitus (NIDDM)' (4) (5) (6) , in humans and of experimental models of diabetes in rats (7) . This defect is evident in vivo as reduced glucose uptake in response to insulin measured by euglycemic clamp (1) (2) (3) (4) 7) and in isolated adipose cells in vitro as reduced glucose transport response to insulin (5, 6, 8) . Both in vivo and in vitro defects are improved by insulin therapy (2, 3, 5, 9, 10). Recent cloning studies have shown that adipose cells express at least two species of glucose transporters encoded by different genes: (a) the adipose/muscle glucose transporter that is present predominantly in tissues in which glucose transport is highly responsive to insulin (1 [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] and (b) the HepG2/brain glucose transporter which is widely expressed in both insulin-responsive and nonresponsive tissues (16) (17) (18) . The adipose/muscle glucose transporter is the predominant species in adipose cells (19) and changes in levels of this transporter correspond qualitatively with changes in insulin-stimulated glucose transport in intact cells (20) .
Recently protein and mRNA levels for the adipose/muscle glucose transporter have been shown to decrease with streptozotocin-induced diabetes in rats whereas expression of the HepG2/brain glucose transporter is unchanged (20) (21) (22) (23) . Chronic insulin therapy restores mRNA and protein levels for the adipose/muscle transporter (20, 21) while increasing insulin-stimulated glucose transport activity transiently to supranormal levels (9) . The latter effect has been suggested to be due to increased glucose transporter intrinsic activity (moles ofglucose transported per transporter per unit of time) (9, 10) . In contrast, chronic insulin administration to normal rats has been shown to increase the adipose cell glucose transport response to insulin and glucose transporter number but not to alter transporter intrinsic activity (24) .
Since the administration of insulin to diabetic or normal rats results in simultaneous and inverse alterations in plasma glucose and insulin concentrations, one cannot discern whether the changes in the glucose transport system result from increased insulinemia or decreased glycemia. Studies over the last few years have demonstrated that ambient glucose concentrations regulate glucose transport activity in several types of cells and tissues. Glucose starvation ofcultured fibroblasts (25) (26) (27) (28) , 3T3-LI adipocytes (29, 30) , muscle cells (31, 32) , intact muscle (32) , and glial cells (33) results in increased basal glucose transport which can reach maximal levels and thus obliterate any further stimulatory effect of insulin (32) . In cultured glial (33) and muscle (31) cells, this effect of glucose starvation appears to result from increased expression of the HepG2/ brain glucose transporter. High glucose concentrations, on the other hand, studied in rat adipose cells in primary culture, decrease insulin-stimulated glucose transport but only when the exposure to glucose is in the presence ofinsulin (34) . The mechanism appears to be impaired translocation of transporters from an intracellular pool.
Although ambient glycemia has been shown to affect glucose transport across the blood brain barrier (35, 36) , less information is available on the in vivo role of changes in glycemia independent of changes in plasma insulin levels on glucose uptake and glucose transporter expression in classic insulin responsive tissues, i.e., skeletal muscle and adipose cells. Recently, Rossetti et al. (7) demonstrated that reversal ofhyperglycemia in diabetic rats using phlorizin, an inhibitor of renal tubular glucose transport which results in enhanced renal glucose excretion, restores in vivo insulin-stimulated glucose disposal to normal. Sivitz et al. (37) showed that although shortterm phlorizin treatment (up to 23 h) in diabetic rats restores euglycemia, adipose/muscle glucose transporter mRNA in adipose tissue remains suppressed at diabetic levels. Thus, the cellular and molecular mechanisms for the effect of phlorizin to restore in vivo insulin-responsive glucose uptake are not understood and are the subject ofthe current investigation. Using diabetic rats treated with phlorizin, we show that restoration of euglycemia in diabetic rats without insulin therapy corrects the impaired glucose transport response to insulin in adipose cells. This effect occurs without alteration in the expression of the two species ofglucose transporters present in adipose cells or in their subcellular localization, and most likely results from changes in glucose transporter functional activity.
Methods

Experimental design
Male Sprague-Dawley rats (Charles River Breeding Laboratories, Inc., Wilmington, MA) were received at body weights ranging from 80 to 90 g and maintained with ad libitum feeding for 1 wk before assignment to one ofthe following experimental groups: group I, sham-operated controls; group II, partially pancreatectomized rats; group III, partially pancreatectomized rats treated with phlorizin. 90% pancreatectomy was performed in groups II and III and sham pancreatectomy was performed in group I as previously described (7) . In group III, phlorizin (0.4 g/kg body weight per day) was administered as a continuous subcutaneous infusion through a small implantable minipump (Alzet Osmotic Minipump, Alza Corp., Palo Alto, CA) to ensure constant inhibition of renal tubular glucose reabsorption. Phlorizin treatment was initiated 10-14 d after surgery when hyperglycemia first became evident in the partially pancreatectomized rats. After surgery, the rats received identical daily allotments ofrat Chow (Ralston-Purina Co., St. Louis, MO) in an amount (0.1 g/g body weight per day) that sustained normal growth, based on previous experience, and which was completely consumed by all rats. Rats were weighed twice weekly at which time tail vein blood was collected for the determination of fed plasma glucose and insulin concentrations (1 h after eating). Fasting plasma glucose and insulin concentrations also were determined at least twice during the week before study. Full characterization ofglucose and insulin profiles in response to meal tolerance tests and glucose tolerance tests has been previously published (7). 6 wk after pancreatectomy or sham operation and 3-4 wk after the development of fasting hyperglycemia in the diabetic group, rats were studied as described below.
Euglycemic clamp study
Four animals from each group received a euglycemic insulin clamp study to document the presence of insulin resistance (7). 1 wk before the insulin clamp, indwelling catheters were inserted so that the animals could be studied in the awake, unstressed state (7). The insulin clamp was performed as previously described (7, 38) . Briefly, 60 min before starting the insulin clamp, a prime (6 ,Ci/min) -continuous (0.1 ,MCi/min) infusion of [3-3H] glucose (New England Nuclear, Boston, MA) was initiated and continued throughout the study. Blood samples for the determination of plasma [3H]glucose specific activity were obtained at 5-min intervals from -30 to 0 min and 5-10 min intervals after starting the insulin infusion. At time zero a prime-continuous (12 mU/kg per min) infusion of regular insulin (Eli Lilly & Co., Indianapolis, IN) was administered to acutely raise and maintain the plasma insulin concentration by -2.4 nM (350 uU/ml). In all groups a variable infusion of 25% glucose was started at time zero and periodically adjusted to clamp the plasma glucose concentration at -100 mg/dl. Samples for plasma insulin concentration were obtained at 20-30-min intervals throughout the 90-min insulin clamp study. To prevent intravascular volume depletion and anemia during the insulin clamp study, fresh whole blood obtained by heart puncture from littermates of the test animals, was infused at a constant rate designed to quantitatively replace the total amount of blood lost during the study. At the end of each insulin-clamp study, urine was collected and assayed for glucose.
Preparation ofisolated adipose cells and measurement ofcell size. Rats were killed by brief exposure to CO2 followed by decapitation.
Within 15-30 s, the whole epididymal fat pads were removed and isolated adipose cells were prepared as previously described (9, 20, 24) . Adipose cell size was determined by the osmic acid fixation, electronic counter method (Coulter Electronics, Inc., Hialeah, FL) as also previously described (9, 20, 24) .
Measurement ofadipose cell glucose transport activity and intracellular water space. The isolated adipose cells were incubated at 370C for 30 min in the presence of 0 or 7 nM (1000 ,U/ml) insulin (crystalline porcine zinc, courtesy of Dr. Ronald B. Chance, Eli Lilly & Co.). [3-0-14C]methyglucose transport was then assessed using a substrate concentration of 0.1 mM by a modification described by Karnieli et al. (39) of the L-arabinose uptake method of Foley et al. (40) . The intracellular water space was determined from the steady-state level of cellular 3-0-methylglucose. Initially glucose transport activity was measured in three separate experiments, each using pooled cells from two or three rats from groups I, II, and III. Rats were fasted overnight for 12-14 h so that they were treated identically to the rats that underwent the insulin clamp study. Subsequently, four additional glucose transport studies were performed on aliquots of cells from a minimum of 10 rats in each group which were prepared for subcellular fractionation. These rats were not fasted overnight. Adipose cell glucose transport results in the two groups were similar.
Preparation ofadipose cell subcellular membranefractions. Subcellular membrane fractions were prepared from a minimum of 10 control, pancreatectomized, or pancreatectomized/phlorizin-treated rats.
Isolated adipose cells were incubated at 37°C for 30 min in the presence of0 or 700 nM insulin and samples were taken for determination of cell number and 3-O-methylglucose transport. (We have observed the same effects on glucose transport activity and transporter translocation with 7 and 700 nM insulin. The maximally stimulating insulin concentration for both processes is 0.7 nM [391.) Plasma, high-density microsomal, and low-density microsomal membrane fractions were prepared from the remaining cells by differential centrifugation using a combination ofthe usual large-scale preparation and the mini preparation, both as previously described (41) . Membrane 
Immunoblotting
Adipose cell subcellular membranes were subjected to 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (44) and electrophoretically transferred to nitrocellulose filters. Identical membranes were used for detection of glucose transporters using two different antisera: a monoclonal antibody, I F8, specific for the rat adipose cell/muscle glucose transporter (courtesy of Dr. David James, Washington University, St. Louis, MO) (I 1, 45); and a polyclonal rabbit antiserum prepared against a synthetic peptide consisting of the 16 COOH-terminal amino acids ofthe HepG2 and rat brain glucose transporter sequence (courtesy of Dr. Bernard Thorens, Whitehead Institute, Cambridge, MA) (20) . The antibody/antiserum was used at 10 ,ug/ml. Filters were blocked with 5% nonfat dry milk, washed, and incubated with 1251-protein A (New England Nuclear) after exposure to the HepG2 glucose transporter antiserum and 1251-F(ab')2 fragment (Amersham Corp., Arlington Heights, IL) after exposure to I F8. Dried filters were autoradiographed using XAR-5 film (Eastman Kodak Co., Rochester, NY) and intensifying screens at -70°C. The abundance of immunoreactive glucose transporters was quantitated using a scanning densitometer (GS 300, Hoefer Scientific Instruments, San Francisco, CA). The areas under the curves were calculated using the Hoefer GS 350 computer program. For comparison in some experiments glucose transporters were also quantitated by excising the bands and scintillation counting.
RNA isolation
A portion of the isolated adipose cells prepared as described above, were immediately frozen in liquid nitrogen, and stored at -70°C for 1-14 d before RNA extraction using the guanadinium thiocyanateCsCI technique (46) .
Northern blotting
RNA was electrophoresed on 1.2% formaldehyde agarose gels (47), blotted, and fixed onto nylon filters, and then hybridized with cRNA or cDNA probes for the glucose transporters and a cDNA probe for actin.
The rat muscle glucose transporter cDNA probe (courtesy of Dr. David Moller, Beth Israel Hospital) (48), the HepG2 glucose transporter cRNA probe (courtesy of Dr. Mike Mueckler, Washington University) (16) and the fl-actin cDNA probe (courtesy of Dr. B. Rollins, Dana Farber Cancer Institute) (49) were labeled and hybridizations were carried out under high stringency as previously described (20) . Dried filters were autoradiographed and densitometry was performed as for immunoblots.
Analytical procedures
Plasma glucose concentration was measured by the glucose oxidase methods (glucose analyzer, Beckman Instruments, Inc., Palo Alto, CA). Plasma insulin concentration was determined by radioimmunoassay using rat insulin (lot 61 5-D63-12-3, Eli Lilly & Co.) standards (50 
Results
Body weight, plasma glucose, and insulin concentrations and adipose cell characteristics. At the time of study, 6 wk after pancreatectomy the body weights are similar in control, diabetic, and diabetic/phlorizin-treated rats (Table I ). The fasting Rats were made diabetic and treated with phlorizin as described in Methods. Body weight and plasma glucose and insulin concentrations were determined twice weekly on 17-20 rats in each experimental group also as described in Methods. Adipose cell size, intracellular water space, protein, and RNA were determined on pooled cells from 2-10 rats in each group in each of seven, seven, four, and three separate experiments, respectively. Results are means±SEM. * Difference from control at P < 0.05. -and postmeal plasma glucose concentrations are significantly increased in the diabetic compared to the control group and return to normal after phlorizin treatment (Table I ) similar to our previously published results with this model (7). The fasting plasma insulin concentrations are similar in the three groups whereas the postmeal plasma insulin response is reduced by > 50% in diabetic compared to control rats. Phlorizin treatment of diabetic rats does not alter the plasma insulin concentrations, while normalizing the plasma glucose concentrations (Table I) .
In partially pancreatectomized diabetic rats, adipose cell size and intracellular water, a reflection ofintracellular protein, are reduced -30% (Table I) . Phlorizin treatment further decreases cell size to 54% of control and maintains intracellular water space at 66% of control. Adipose cell plasma membrane and low-density microsomal membrane protein tend to decrease -25% in diabetic rats with or without phlorizin treatment. Only the differences in low-density microsomes from diabetic rats reach statistical significance. Total RNA per adipose cell is not significantly altered in diabetic rats with or without phlorizin treatment.
Euglycemic insulin clamp studies. To compare changes in cellular glucose transport and glucose transporter expression in isolated adipose cells with in vivo glucose uptake, we repeated euglycemic clamp studies. Glucosuria was not detected in any of the groups at the end ofthe insulin clamp study. Consistent with our previous reports (7), Table II shows that 90% pancreatectomy in rats leads to in vivo insulin-resistant glucose utilization. The correction ofchronic hyperglycemia with phlorizin normalizes the insulin-mediated glucose disposal. The steadystate plasma insulin and glucose concentrations during the insulin clamp studies are similar in all three experimental groups. Basal hepatic glucose production is similar in all three groups and is suppressed by > 90% during the insulin infusion. Insulin-mediated total body glucose uptake is significantly reduced by 27% in the diabetic compared to the control group and phlorizin treatment in the diabetic rats restores insulin-mediated glucose disposal to normal (Table II) .
Glucose transport activity in adipose cells. Fig. 1 (Fig. 1 A) . In contrast, maximally insulin-stimulated transport activity per adipose cell decreases 50% from control levels with diabetes and is restored to control levels with phlorizin treatment. When expressed per cellular surface area (Fig. 1  B) because ofthe smaller size ofthe cells from diabetic rats and further decrease after phlorizin treatment, basal glucose transport is slightly increased (29%) with pancreatectomy alone and is increased 104% with phlorizin treatment compared to control. Maximally insulin-stimulated glucose transport per cellular surface area decreases 30% with diabetes and is increased to 134% of control and -190% of diabetic levels with phlorizin treatment.
Immunoreactive glucose transporters in adipose cells. Adipose/muscle and HepG2/brain glucose transporters were assessed in adipose cell subcellular membrane fractions by immunoblotting with anti-glucose transporter antibody/antiserum specific for each of these transporters. Both probes recognize a protein ofMr -43-50 kD (Fig. 2) , which is sometimes present as a doublet, as previously described (45, 51) . With the antiHepG2 glucose transporter antiserum a fainter, higher molecular mass band is also seen (Fig. 2 B) , which has previously been reported to be nonspecific (52) . In low-density microsomes from adipose cells in the basal state adipose/muscle glucose transporters are reduced 46% with diabetes and 43% with phlorizin treatment. These changes are more evident in the lighter exposure (lower panel). In all groups of rats, 60-75% of adipose/muscle glucose transporters disappear from the low-density microsomes in response to insulin. However, the reduced number in this fraction in the basal state in cells from diabetic rats before and after phlorizin treatment is associated with fewer transporters recruited to the plasma membrane of these cells in response to insulin.
In contrast, immunoblotting of the identical adipose cell membranes with an antiserum to the HepG2 glucose transporter (Fig. 2 B) is unchanged with diabetes before or after phlorizin treatment (Fig. 3 , both panels).
Comparison ofthe acute effects of insulin on glucose transporter levels in plasma membranes, glucose transport in intact cells, and in vivo glucose disposal. Fig. 4 compares insulinstimulated 3-0-methylglucose transport in intact cells with the Figure 3 . Detection of adipose/muscle glucose transporter (v), HepG2/brain glucose transporter (E), and actin (c) mRNA in adipose cells from control, diabetic, and phlorizin-treated diabetic rats by Northern gel blot analysis. Isolated cells were prepared and sampled as described in Fig. 1 membranes were made (n = 4 rather than n = 7 in Fig. 1 ). In diabetic rats, insulin-resistant glucose uptake in vivo is parallelled by a reduced glucose transport response to insulin in adipose cells and reduced levels of immunoreactive adipose/ muscle glucose transporters in the corresponding plasma membranes (Fig. 4) . Phlorizin treatment restores glucose uptake both in vivo and in adipose cells in vitro but does not restore the levels of the adipose/muscle glucose transporter. The relative levels of the HepG2/brain transporter in plasma membranes from insulin-stimulated cells are unaltered by diabetes or phlorizin treatment.
Discussion
Using phlorizin to achieve euglycemia in diabetic rats, we demonstrate that changes in glycemia independent of changes in insulinemia regulate the glucose transport response to insulin in adipose cells without significantly altering the expression of two distinct species of glucose transporters in these cells. 90% pancreatectomy in rats leads to a relatively mild form of diabetes which is associated with only slightly elevated fasting blood glucose and more significantly elevated postprandial glucose concentrations. However, similar to the more severe streptozotocin-induced diabetes studied previously (8, 20, 21) , this nonpharmacological form of diabetes results in decreased glucose transport in isolated adipose cells (Fig. 1 ) and decreased levels of the adipose/muscle but not the HepG2/brain glucose transporter (Fig. 2) . As with streptozotocin diabetes, diabetes resulting from partial pancreatectomy has a pretranslational effect on the expression of the adipose/muscle glucose transporter as evidenced by decreased mRNA levels for this transporter (Fig. 3) . On the other hand, normalization of glycemia with phlorizin restores glucose transport activity (and in vivo glucose uptake) without restoring adipose/muscle glucose transporter mRNA or protein levels (Figs. 1-4) . This is in marked contrast to the effects of normalization of blood glucose in streptozotocin diabetic rats with insulin which increases adipose/muscle glucose transporter protein and mRNA to 8.5-and 13-fold diabetic levels, respectively (20) . Thus, more than one mechanism exists by which treatment of hyperglycemia can reverse the impaired glucose transport response to insulin in adipose cells and the therapeutic modality in vivo determines the molecular mechanism which prevails. Fig. 5 extends a schema which we previously developed (9) to show that altered metabolic states can affect both glucose transporter number and intrinsic activity. Here glucose transporters measured by cytochalasin B binding (8, 39) and/or by immunoblotting with an antibody to the adipose/muscle glucose transporter are compared to insulin-stimulated glucose transport in intact cells. Transporters measured by either of these methods can be used nearly interchangeably in the comparison since the majority of D-glucose-inhibitable cytochalasin B binding in the rat adipose cell is to the adipose/muscle transporter species and very little binds to the HepG2/brain transporter ( 19, 53) . Furthermore, we have previously shown a close correlation in adipose cells from diabetic and insulintreated diabetic rats between the relative number of transporters measured by cytochalasin B binding and by immunoblotting with this antibody (20) . Comparison of insulin-stimulated glucose transport activity in intact adipose cells and glucose transporters in plasma membranes from the same cells in rat models of hypo-and hyperinsulinemia and hypo-and hyperglycemia. Isolated adipose cells were prepared, 3-0-methylglucose transport was measured as described for Fig. 1 , and glucose transporters in plasma membranes were assessed either by cytochalasin B binding (CB binding) as previously described (9, 39) or by immunoblotting with an anti-adipose/muscle glucose transporter antibody (20) Kahn et al. (24) , and streptozotocin diabetic/insulin infused rats from Kahn et al. (9, 20) . Panx = 90% paticreatectomized.
Under normal conditions insulin-stimulated glucose transport in intact adipose cells is proportional to the number of glucose transporters in the corresponding plasma membranes (Fig. 5) . With diabetes induced by streptozotocin (8, 20, 21) or by partial panbreatectomy both ofthese parameters are proportionally decreased. With hyperinsulinemia resulting from insulin infusion in nondiabetic rats (24) or naturally occurring in genetically obese Zucker rats (54) (data not shown), transport activity and transporters are proportionally increased. But with insulin treatment ofdiabetic rats, glucose transport is increased out of proportion to the slightly increased number of glucose transporters in plasma membranes from insulin-stimulated cells. Because this increased transport rate is due to an increase in the maximal velocity of glucose transport (Vm.) and it cannot be explained by an increase in glucose transporter number, it appears to result from an increase in transporter intrinsic activity (9, 10) . Now we show that normalization of blood glucose with phlorizin restores insulin-stimulated glucose transport without increasing the relative number of transporters in the corresponding plasma membranes and thus, most likely affects glucose transporter intrinsic activity alone. In fact, the effect of insulin treatment of diabetic rats may reflect a combination of the effect of normalization of blood glucose to enhance glucose transporter intrinsic activity and the effect of insulin to increase glucose transporter number.
Although an effect of phlorizin treatment on the Km of the transporter for glucose cannot be ruled out by our data, the regulatory effect of glucose on glucose transport in cultured myocytes and myotubes (32) and in 3T3-L I adipocytes (29, 30) is entirely a Vm. effect without measurable changes in Km.
Furthermore, we have previously shown in diabetic rats that the effect of insulin therapy to increase glucose transport in adipose cells is entirely a Vm.. effect (9) .
The effect of hyperinsulinemia to increase glucose transporter number is associated with a generalized anabolic effect of insulin to increase net protein synthesis (9, 10, 20, 24) . In contrast, in this study restoration of euglycemia by enhancing glucose excretion with phlorizin does not have this anabolic effect. In diabetic rats treated with phlorizin, this is evident by the decreased adipose cell size and intracellular water space, similar to or even more depressed than levels in untreated diabetic rats (Table I) . Insulin therapy ofdiabetic rats, on the other hand, increases cell size toward control levels and increases intracellular water space to -60% greater than control (9, 20) . Additionally, insulin therapy results in a 2.4-fold increase in total RNA per adipose cell and raises mRNA levels for both the adipose/muscle and HepG2/brain glucose transporters. In contrast, phlorizin treatment has no effect on total adipose cell RNA (Table I) or mRNA levels for either transporter (Fig. 3) .
We considered whether phlorizin per se, ratherthan normalization of blood glucose, may directly affect glucose transport. This is unlikely since in initial studies we treated normal, nondiabetic rats with phlorizin and found no effect on plasma glucose levels or insulin-mediated glucose uptake (7) .
Basal glucose transport expressed per cellular surface area and the number of adipose/muscle glucose transporters in plasma membranes of adipose cells in the basal state (absence of insulin) are increased in diabetic rats treated with phlorizin. The physiological significance of these changes is unknown. Since fasting insulin concentrations (Table I) are normal (29±5 uU/ml) in partially pancreatectomized rats, a true absence of insulin at the tissue level is unlikely. Furthermore, basal transport rates are extremely low compared to insulin-stimulated rates (Fig. 1) .
The potential contribution of increased basal-transport activity to the insulin-stimulated activity can be taken into account by subtracting the basal activity from the insulin-stimulated activity in each experimental group. The resulting "net" insulin-stimulated glucose transport activities are: control 1.58±0.22, diabetic 1.02±0.13, diabetic/phlorizin-treated 2.01±0.23 fmol/hm2 per min (mean±SEM). Hence, even after taking into account the differences in basal transport activity among the experimental groups, the insulin-stimulated glucose transport activity is decreased 35% in the diabetic rats and not only restored but increased to 127% ofcontrol and nearly 200% of diabetic levels in phlorizin-treated rats. Most importantly, normalization of blood glucose with phlorizin treatment doubles net insulin-stimulated glucose transport but does alter the number of glucose transporters in the corresponding plasma membranes.
Although the adipose/muscle transporter is the major species in adipose cells (19) , markedly increased expression of another glucose transporter could be responsible for the restored glucose transport response to insulin. This is unlikely to be attributable to the HepG2/brain glucose transporter since levels of that transporter protein and mRNA also are unaffected by phlorizin treatment (Figs. 2-4) . However, another as yet unidentified transporter could be mediating the activity. The expression of the adipose/muscle glucose transporter is decreased in adipose cells of both streptozotocin diabetic and fasted rats, two hypoinsulinemic conditions in which blood glucose changes in opposite directions. These observations led to the hypothesis that ambient insulin levels were critical in the regulation of glucose transporter gene expression and thus glucose transport activity (22, 23, 37) . Indeed, chronic insulin exposure has been shown to increase mRNA and protein levels for the HepG2/brain glucose transporter in L6 muscle cells (31) , 3T3L1 adipocytes (55) and human fibroblasts (56) . However, levels of the adipose/muscle transporter in 3T3L1 adipocytes in which both transporters are expressed failed to be affected by insulin (55) .
In the current study we show that normalization of blood glucose even in the face of hypoinsulinemia can restore the glucose transport response to insulin, suggesting that changes in plasma glucose levels independently regulate insulin-responsive glucose transport. Theoretically, the effects of phlorizin treatment on glucose transport and transporters in adipose cells of diabetic rats could be mediated by metabolic changes other than normalization of blood glucose. However, we have found no effect of phlorizin in diabetic rats on various metabolic parameters including plasma levels of insulin (Table I) , glucagon (57, 58) , free fatty acids (57, 58) , or catecholamines (unpublished observations). In support ofthe regulatory effects of changes in glucose levels in vivo are the observations that in rat adipose cells in culture physiological glucose concentrations in the presence ofinsulin result in decreased insulin-stimulated glucose transport in a dose-dependent manner (59) . The interpretation ofthis observation was that the intracellular metabolism ofglucose is a primary regulator ofinsulin-responsive glucose transport and that glucose or a metabolite negatively feeds back to decrease insulin responsiveness and sensitivity. The effect of insulin then is simply to enhance the uptake ofglucose into the cell.
However, unlike these cells in culture in which impaired translocation of glucose transporters appears to be the mechanism for the insulin resistant glucose transport induced by glucose (34) , the translocation mechanism remains intact in our in vivo model of hyperglycemia. Taking these results together with the findings in streptozotocin diabetic and fasted rats (20) (21) (22) (23) , it appears that hypoinsulinemia may decrease insulin-responsive glucose transport at least in part by decreasing expression of the adipose/muscle glucose transporter gene, whereas hyperglycemia may primarily affect the functional activity of the transporters. Our current results are relevant to the pathophysiology of insulin resistance in humans with NIDDM in which insulin levels are increased or normal with increased ambient glucose concentrations.
The changes we observe here in glucose uptake in isolated adipose cells are reflected by in vivo glucose uptake as measured by euglycemic clamp (Fig. 4) . Studies comparing in vivo insulin-mediated glucose disposal and maximally insulin-stimulated glucose transport in isolated adipose cells from human type II diabetics have shown correlations ranging from 0.36 (60) to 0.71 (4) . One study noted a correlation of 0.88 between the percent improvement in adipose cell glucose transport and the in vivo glucose disposal rate after insulin therapy (5) . The major tissue determining glucose uptake measured by euglycemic clamp is muscle, not adipose cells (61). The extent and time frame of the effect of glucose to induce insulin resistant glucose uptake in isolated soleus muscle (32) , cultured myocytes and myotubes (32) and in perfused hindlimb (62) closely parallels the process in adipose cells, suggesting a possible common mechanism (59) in the two tissues. This could explain the correlation between glucose uptake in vivo and glucose transport in isolated adipose cells in our study. However, alterations in glucose transporter expression and activity need to be studied in skeletal muscle under the same metabolic conditions used in this study.
In summary, changes in ambient glucose levels independent of changes in insulin levels can profoundly alter the glucose transport response to insulin in adipose cells. Whereas the effect ofinsulinemia on glucose transport appears to be at least partly due to pretranslation regulation of the expression of the major glucose transporter in adipose cells (20, 21, 23) , the effect ofglucose occurs without alteration in glucose transporter gene expression or in the subcellular distribution of transporters. Therefore, changes in ambient glucose levels appear to alter the functional activity of glucose transporters. Effects at the cellular level correspond to changes in vivo suggesting that this may be an important mechanism for regulating insulin responsiveness in vivo especially in insulin resistant states such as NIDDM.
